We report on surface structuring of sapphire, silicon carbide, and silicon by femtosecond laser pulses in multipulse irradiation mode. The formed ripples on the flat surface or on the vertical walls with hierarchical structures whose feature sizes are ranging from the irradiation wavelength down to ∼ 50 nm are prospective templates for surface enhanced Raman scattering after coating with plasmonic metals. We study complex patterns of fine ripples with periods Λ r , as small as λ/Rp, where Rp 3 − 5. The mechanisms suggested for such Rp values are discussed: temperature and density of breakdown plasma, angle of incidence, mechanism of second harmonic generation (SHG) and absorption. Predictions of the surface and bulk models of ripple formation are compared with experimental values of Rp-factor. We propose a model of ripple formation on the surface, which is based on the known in-bulk sphere-to-plane formation of breakdown plasma in the surface proximity. In semiconductor 4H:SiC normal ripples with periods 190 and 230 nm were recorded with 800 nm and 1030 nm fs-laser pulses respectively. We show that the period of ripples is defined by the dielectric properties of crystalline (solid) phase rather than the molten phase in the case of silicon. Generation of SHG on the surface of sample and plasma nano-bubbles are discussed: surface-SHG is found not important in ripples' formation as revealed by comparative study of periods on Al 2 O 3 and TiO 2 at 800 nm wavelength of irradiation. We propose that ripple periodicity is pinned to the smallest possible standing wave cavity (λ/n)/2 inside material of refractive index n.
INTRODUCTION
Light field enhancement on nano-particles is a widely used approach in surface enhanced Raman scattering (SERS). However, fabrication of larger areas of plasmonic nanoparticles by electron beam lithography (EBL) with subsequent steps of metal evaporation (or sputtering) and lift-off are slow and expensive despite high fidelity of nano-patterning and nanometer precision achievable.
1 Search for simple larger-area processing methods with possibility to form nano-textured surfaces is highly required. Creation of mesoscopic structures with large area-to-volume ratio becomes increasingly important in fuel cells, super capacitors, and variety of sensors. To maximize surface area the patterns should become not flat. This creates challenges in fabrication of such textured areas by planar lithographical techniques and requires multi-step processing with use of auxiliary procedures and sacrificial (or new functional) coatings/layers which makes production costs prohibitively high.
The direct laser writing is one of solutions in fabrication of such three-dimensionally (3D) textured surfaces. However, the laser writing is limited by diffraction and feature sizes smaller than the wavelength, λ, is difficult to achieve. The resolution comes for the costs of a tight focusing and slower recording (the process is serial). The ripples 2 could provide a solution when sub-diffraction-limited structuring is required and direct laser writing rather holographic pattern formation is used. Ripples are self-organized structures and exact control over their formation is not achieved, the main properties can be well predicted. [3] [4] [5] Ripples, 2 whose period scales with the wavelength λ (coarse ripples), and even can be smaller, like λ/(3 − 5) (fine ripples) are good candidates for SERS templates. Formation of fine ripples on surfaces of metals, semiconductors, and dielectrics as in the bulk of dielectrics is still strongly debated issue. The observed ripples with smallest periodicity can not be explained by the well established models.
Here, we overview mechanisms of ripple formation on the surface and in the bulk and compare with experimentally observed periods in the case of ultra-short laser irradiation. The reported data follows an approximate dependence Λ r = λ/Rp with Rp 3 − 5. We propose the mechanism of surface ripples formed by a pre-surface dielectric breakdown where the in-bulk-like ripples are formed according to the sphere-to-plane formation of the breakdown. 6, 7 We also show that surface second harmonic generation (SHG) is not accountable for the ripple formation, while SHG enhanced on volume nano-particles can explain experimental results. In the case study of Si we show that the molten Si can not explain the experimentally observed pattern of ripples.
RIPPLES ON THE SURFACE
Ripples with periodicity close to laser wavelength λ/(1−sinΘ), λ/(1+sinΘ), λ/(cosΘ), where Θ refers to incident angle of laser irradiation are well explained by generalized surface-scattering model. 8 It predicts a dependance of the ripple efficacy factor on their period for different light polarization, incident angle and direction on teh irradiated surface. According to this theory, when a plane wave is incident on rough surfaces, the intensity of the field just below the surface is strongly modulated and results in inhomogeneous energy distribution with strong peaks in its Fourier transformation. Distribution of this field is calculated by adding surface electromagnetic wave (SEW), created by surface roughness confined to the very thin layer (l λ), with normally refracted component of the incident beam. Although there is no obvious direct connection between the degree of spatial inhomogeneity of intensity and the resulting damage at a given wave vector, main features of demonstrated theoretical and experimental results are quite similar. 9 Sipe et al. predicted coarse ripple periodicity at normal incidence close to wavelength Λ λ, for metals, semiconductors and dielectrics with large refractive indexes, while for materials with law refractive indexes calculated periodicity is smaller Λ λ/n, where n is refractive index of dielectric material, later structures are referred to the fine ripples.
The theory accounts for most of observed and reported coarse ripples. However, the surface restructuring effects due to surface tension driven flows, complex temperature gradients, and quenching speeds complicates the comparison between actual experiments and theory. [10] [11] [12] The most complex patterns of ripples are observed in the case of femtosecond laser irradiation. The issue which still needs clarification is: which dielectric function is governing the ripple pattern if theory presented in refs.
3, 4 is applied. According to the theory, one could expect formation of ripples with wavevectors where surface scattering has peak, minimum, or a kink of, a so called, scattering efficacy (see, Sec. 5.4). We consider below the dielectric function of plasma which is formed at the breakdown conditions. Formation of plasma and its temperature is an important factor for change of optical properties of surfaces. Ripple formation inside the bulk of materials can be considered as formation of ripples on the "surface" between plasma and host dielectric/semiconductor.
Optical properties of plasma
In electron-ion plasma according to the Drude's model the dielectric function ε = ε 1 + iε 2 is expressed as:
where the ω ef f is the effective electron -ion collision frequency, ω p = Nee 2 ε0me is the plasma frequency expressed via the electron density N e , electron charge e, permittivity of free space ε 0 , and optical mass of electron m e (usually, is it the close to the actual mass of electron). By assuming ω ef f ∼ ω p , which is true for fully ionized material, the real and imaginary parts of dielectric function and the refractive indexñ ≡ √ ε = n + iκ are expressed:
The absorption length is l skin = c/(ωκ), where c is speed and ω is angular frequency of light. For the normal incidence the absorbance, A, depends on the reflectivity, R, as
The period of fine ripples observed in experiments at the normal incidence has period Λ r λ/Rp with their wavevector parallel to the polarization of incident light and Rp values ranging from 3 to 5. If the period Λ r is related to the plasma refractive index, n, at the moment of ripple formation for the given wavelength, then eqn. (2) can be used to establish the free electron density N e in plasma at the moment of ripple formation.
Temperature estimations
The depth of light penetration into material, the skin depth, is dependent on the imaginary part of refractive indexñ = n + iκ as:
where c and ω are the speed of light and its angular frequency, respectively. In the case of stainless steel and amorphous Si in the visible spectral range n SUS = 2.93 − 3.00i and n Si = 3.67 − 0.53i. 14 Then, eqn. 3 yields in the skin depths l SUS skin 42 nm and l Si skin 240 nm at 800 nm wavelength, at which Si absorbs almost as a metal.
In the case of breakdown plasma, skin depth mostly depends on free electron number density, which at full ionization is comparable with atomic density of material. In case of silicon, atomic density is around N e = 5·10 22 and skin depth equals to 79 nm. The upper limit of the electron temperature in the skin depth can be estimated as :
where F is the fluence, N e is the free electron number density and c e ∼ 3/2 is the electron specific heat, which acquire the value of 3/2 of the ideal gas after full ionization of material in the focal region. For the same 2 μJ 150 fs pulse focused onto a 20 μm spot (F = 0.63 J/cm 2 ), one can find from eqn. 4 the expected temperature of electrons to be T e = 6.9 eV. This temperature of electron gas is an energy reservoir for the after-pulse ablation, when it is transferred to the ions. The advantage of the use of femtosecond pulses in material processing by ablation is due to the fact that the electron temperature can reach extremely high values before the onset of its transfer to the ions. At high intensities of 10 14 W/cm 2 even dielectric materials can be laser-processed, since the initially long absorption length, e.g., the absorption coefficient of sapphire in all visible spectral range is smaller than α < 15 cm −1 (α = 4πκ/λ) or in terms of skin depth l skin > 667 μm, will become comparable with that of metals after the focal spot is ionized. Hence, dielectrics would be laser processed even inside sample at the focal spot where dielectric breakdown is taking place in a similar way as metals since the incident fluence will be absorbed within a l skin < 100 nm depth. Dicing of glass was demonstrated using irradiance of ∼ 4×10 14 W/cm 2 , at which the electron quiver energy of 12 eV was much larger than the bandgap of silica-based glasses. 
RIPPLES INSIDE THE BULK
Inside bulk of material formation of ripple-like structures has been extensively reported. 6, 7, 12, [16] [17] [18] [19] There are two major approaches: interaction of incident wave and plasma wave 17 and local light-field driven microexplosions of breakdown plasma. 
In-bulk photon-plasmon scattering
Explanation for the ripples observed inside bulk was suggested using photon -plasmon scattering when local temperature is very high. 17 This mechanism can occur on the surface as well as in the bulk of transparent glasses and crystals, 19 where the plasma of breakdown creates the boundary on which the longitudinal wave of plasmon can be formed.
Period of the grating is defined by momentum conservation condition:
, where the wavevector of photon is k ph = ωn/c with n being the refractive index, c and ω the vacuum speed and angular frequency of light, respectively. k pl = ω ef f /v pl is electron plasma wave vector, where v pl is the speed of plasma and ω ef f effective electron -ion collision frequency. Dispersion relation for electron plasma wave can be expressed by the following expression: ω is the thermal speed of electrons, T e is the electron temperature and k B the Boltzmann's constant. Using this dispersion relation, momentum conservation relation and energy conservation condition ω ef f = ω, expression for the grating period dependence on the electron temperature is suggested:
where ε 0 is the permittivity of vacuum.
Simulations of the grating period by eqn. 5 are plotted in Fig. 1 for silica (n = 1.45), sapphire (n = 1.76) and SiC (n = 2.6). The ripple period of 190 nm 19 would correspond to the temperature of 6.4 keV and 260 nm to 12.2 keV at electron density equal to N e 1.7 × 10 20 cm −3 . As one can see, the period of ripples at low temperature does not depend significantly on the material. However, in our calculations we used 10 times lower electron density than was proposed in ref.
17 as critical density, because latter results in Λ being a complex value. The complex number of ripple period at high plasma densities (but sometimes not even exceeding critical plasma density) invalidates this model for multiply ionized plasma.
Exploding plasma nano-spheres
Mechanism of exploding plasma nano-sphere was proposed in ref.
18 to explain nano-structures observed inside silica glass. Structures in shape of arrayed planes of modified material having their normal parallel to the laser polarization were formed using linearly polarized femtosecond light pulses. The planes of ≤10 nm thickness spaced at ∼ λ/2n, where n is the refractive index of fused silica, were reported. 18 Interaction between ultrashort, tightly focused laser beam and dielectric material may result in localized nano-plasma formation rather than homogeneous ionization throughout focal volume due to highly nonlinear ionization and local defects in the solid lattice like color centers. Once ionization spots are produced, they grow into nanoplasma bubbles due to multi-shot radiation and feedback mechanism.
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Evolution of such nanoplasma bubble is further determined by the local field distribution around the bubble (Fig. 5(b) ). Since nanoplasma bubble size is in the range of tens of nanometers, electrostatic theory can be used to calculate local field around it, which is expressed by the following equation 6. This formula describes special case, when we deal with underdense plasma surrounded by dielectric material.
where E loc is the local field outside the plasma bubble, ε p,d is the real part of plasma and dielectric medium permittivity respectively, Θ p is angle between external electrical field vector E of incident laser radiation and normal of the sphere surface. Local field outside the plasma bubble near the equator, E eq , and poles, E pol , can be described by following formulas,respectively:
Lets define relative permittivity like ε r = ε p /ε d , than equations for local field outside the plasma bubble will be the following:
Local field enhancement factor is proportional to the ratio between dielectric material and plasma permittivity.
For dielectric materials range of plasma permittivity is confined to values between zero and dielectric permittivity (0 < ε p < ε d ) or between zero and one for relative permittivity (0 < ε r < 1). In these conditions local field is enhanced towards equator and suppressed on the poles (Fig. 2) . Plasma permittivity depends on electron density ε p = 1−N e /N cr , where N e is electron density and N cr is the critical density. As N e increases, plasma permittivity ε p decreases and reaches 0 at plasma critical density. One can notice that when electron density becomes much higher than critical, which is true for metallic nanoparticles, ε p << −2 and local field is enhanced near the poles as opposed to underdense plasma case. However underdense plasma never reaches this limit, because its boundary expands as electron density grows and also due to electron density gradient it is always lower at the edges satisfying condition of underdense plasma and expanding towards equator. It is noteworthy, that for longer pulses when nano-void formation at the irradiation site starts this model would predict an enhancement in the nano-planes growth, since the polarizability of a nano-sphere changes sign in respect to that of spherical nano-void.
Initially nanoplasma bubbles are distributed stochastically, due to their transient nature their permittivity changes with respect to laser intensity and they start to influence light propagation. Bhardway et.al. suggested that multiple nanoplasma planes effect field propagation similar to planar metallic waveguides, which predicts TM mode dominance in the range between λ/2n and λ/n. Order of λ/2n evolves naturally over many shots from random distribution of nanoplasmas (λ wavelength in the vacuum, n refractive index of material). It was later demonstrated that femtosecond laser induced self-organized planar nanocracks inside fused silica glass can be deleted, rewritten and read by using form birefringence, which makes these structures potentially useful for rewritable data storage. 6 Using circular polarization permanent recording of chiral structures, which follows handedness of polarization inside fused silica was also demonstrated. 
EXPERIMENTAL
Typical setup for laser structuring of surfaces by ripples is shown in Fig. 3 . 21, 22 The sample chamber can be evacuated of filled by processing gasses to facilitate surface etching as used to for "black" silicon. This Figure 4 . 3D-FDTD simulated intensity distribution of a Gaussian pulse/beam of wavelength λ = 1 μm focused to a ∼ 4 μm spot in air, a dielectric medium of n = 1.7 (Al2O3 with n = 1.76), n = 2.4 (e.g., SiC with n = 2.6 and TiO2 n = 2.49, respectively), and n = 3.4 (Si n = 3.69); the absorption is not taken into account.
simple setup entitles to measure pulse duration in situ when instead of sample a two-photon absorbing GaAsP photodiode (Hamamatsu Photonics, G2711-01) was placed as detector. Galvanic mirrors (General scanning) were utilized to steer and scan the beam while ablating. For nontransparent samples a monitoring setup was installed (Fig. 3) to observe the front surface. Polarization of the laser output was fixed by a polarizer and afterwards set circular for higher ablation efficiency.
Femtosecond laser ablation of 4H:SiC sample (Cree, Inc.) surface was carried out by focused femtosecond laser pulses. One laser micro-machining system (from Altechna Co. Ltd.) was based on Yb:KGW laser with central wavelength of 1030 nm and pulse duration of 300 fs, another one -based on Ti:Sapphire laser Hurricane (from Spectra Physics, Inc.) operating at central wavelength of 800 nm with pulse duration of 150 fs. Laser ablation was carried out in open air conditions. Post-exposure debris removal was carried out in 10% aqueous solution of hydrofluoric acid.
The structured surfaces were analyzed by X-ray photo-electron spectroscopy (XPS) for chemical composition and by scanning electron microscopy (SEM) for the morphology of surfaces. XPS measurements were carried out under AlKα excitation (1486.6 eV) by JPS-9200 spectrometer. 
RESULTS AND DISCUSSION

Surface and volume ripples
In the case of surface structuring of dielectrics and semiconductors, there is a considerable light field intensity inside the sample below the surface (Fig. 4) in contrast to the metals. Due to this reason we propose to Figure 5 . The proposed here model of ripple formation in dielectrics and semiconductors: a pre-surface-triggered plasma explosions. (a) formation of nanoplasma due to due to highly nonlinear ionization and local defects, (b) nanoplasma growth into planes governed by local field distribution, (c) periodic plasma sheet formation, (d) periodic material modification.
consider the surface and in-bulk formation of the ripples. The above discussed mechanism of sphere-to-plane transformation of exploding nano-plasma bubbles is schematically shown in Fig. 5 and is used as a model for explanation of our experimental results of dielectric structuring of dielectrics and wide-bandgap semiconductors where the fine ripples can have periods twice or so smaller than the λ/n, here n is the refractive index. As demonstrated in this model, 18 the period of the ripples (note, the in-bulk ripples) is clamped to the period of (λ/n)/2. It is interesting that this scaling is very close to the reported experimental values of the ripples formed on the surface of different materials under fs-laser irradiation as discussed below. Hence, the exploding plasma nano-spheres in the under-surface region can explain the long standing controversy over mechanisms of the fine ripples.
Next, we examine several cases of ripple formation relevant to different mechanisms: the SHG could explain the (λ/n)/2 or λ/2 periods; the molten and shock-amorphised surface with different dielectric constant could be invoked to explain the fine ripples, etc.
Ripples on SiC as a result of "inside-out" explosion
SiC is our material of choice for surface structuring by the fine ripples since it does not melt up to ∼ 2300
• C and very small-pitched ripples can be formed on the laser ablation.
10 This allows to create unique crystalline (poly-crystalline) surfaces with dimensions of nano-structures ranging from tens-of-nm to micrometers. One could foresee a possibility to use such surfaces for research where the surface enhanced Raman scattering (SERS) is combined with electrical/electrochamical measurements by the use of semiconductor properties of SiC crystal.
The walls of pits are covered by ripples with feature sizes ranging from ∼ 50 nm (bumps and crevices) till typical ripples-type dimensions with periods ∼190 and 230 nm, fabricated with 800nm and 1030nm wavelength femtosecond pulses respectively. These pits can be used for measurements of SERS after evaporation or sputtering of plasmonic metals.
First, the ablation sites of typically 20 μm in diameter were formed on the surface of 4H:SiC after irradiation of 10 3 fs-laser pulses. Polarization was parallel to the surface at normal incidence. The pattern of rippled structures surfaces was covered by debris after irradiation. The depth of the ablated pits was larger than 10 μm as measured by atomic force microscopy (AFM). The ablation sites were analyzed by XPS to establish the origin of the debris. 23 Strong oxygen peak (O1s at 532.8 eV) with characteristic Auger OKLL signatures at high binding energy region around 1 keV signified formation of silica recognizable also on SEM images (see, inset of Fig. 6(b) ). This conjecture was supported by measurements of XPS spectra on laser ablated and HF-treated surfaces of SiC when all the debris were removed. 23 Earlier, we have observed that the apparently molten features formed on the ablated SiC surfaces were removed after dip-washing in HF aqueous solution.
12 XPS analysis showed that the surface become identical to the one un-irradiated after HF washing.
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In order to create deep ablation pits suitable for SERS assay measurements the fundamental laser wavelength centered at 800 nm was chosen at a ∼ 50 TW/cm 2 irradiance when two-photon contribution become recognizable. At these conditions large optical penetration depth as well as strong excitation are simultaneously satisfied. The nonlinear absorption coefficient α(I) = α 0 + βI, where I is the irradiance and β is the two photon absorption coefficient. By assuming that the linear absorption is small (α 0 → 0) the best fit of a transmitted laser power was carried out and the two-photon absorption (TPA) coefficient estimated as β = 0.5 cm/TW at 800 nm wavelength.
The ripple periods formed by 1030 nm and 800 nm fs-pulses (Fig. 6 ) scales as 230/190 = 1.21, which is close to the employed wavelengths 1030/800 = 1.29. This implies that the same factor Rp is responsible to the fine ripple formation in both cases, presumably, defined by the breakdown nano-plasma bubbles expanding the same host material (i.e., the same refractive index). The morphology of the surface structured by ripples is consistent with the proposed model of the in-bulk sphere-to-plane formation of plasma in the pre-surface regions. In the case of TiO 2 laser-structured at the every same conditions of focusing and irradiation a smaller period of ∼ 170 nm was observed (Fig. 7) . SHG could be important in this case since the 400 nm (a second harmonic of the incident radiation) is at the fundamental absorption edge, hence, can be efficiently absorbed and cause ablation. SHG can also be enhanced by the sphere-to-plane formation in the very same way as in SERS.
Ripples on Al
12, 25 This 12 (e-f) Ablation of SiC by 1030 nm/300 fs pulses. . SEM images of TiO2 (n 2.49) and Al2O3 (n 1.76) surfaces ablated by 800 nm/150 fs pulses of energy ∼ 100 nJ (at focus) at a 100 nm overlap between pulses; the slanted scaned line (far right) was at 150 nJ pulse energy. Focusing: NA = 0.9.
24 Insets in (a,b) shows the absorption spectra. particular mechanism can explain the (λ/n)/2 period in bulk ripples since SHG can efficiently drive ionization leading to surface damage. Figure 7 shows that periods of ripples formed on TiO 2 (n 2.49) and Al 2 O 3 (n 1.76) surfaces scales as 260/170=1.53 similarly to the Rp ratio of Al 2 O 3 to TiO 2 , equal to 1.415, which indicates that surface SHG was not influencing ripples' formation. However, SHG on the plasma nano-bubbles can be involved in plasma bubble growth enhancement.
An alternative mechanism which relates the ripples' period on the surface of sapphire Λ r 260 nm to the breakdown plasma is discussed next. The plasma frequency and wavelength can be found from eqn. 2, λ p = 44 nm and would correspond to the free electron density N e = 5.7 × 10 23 cm −3 , which is considerably higher than the optical plasma frequency at 800 nm wavelength 1.7 × 10 21 cm −3 . This would imply that a multiple ionisation of sapphire took place. The atomic density of Al 2 O 3 is n a = ρN A /M 2.35 × 10 22 cm −3 , where the density ρ = 3.98 g/cm 3 , the molar mass M = 101.96 g, and N A is the Avogadro number. Hence, the actual electron density at the moment of ripples' formation would be approximately 23 times larger than the atomic density. The ionization potentials of the "shallowest" electrons in Al are 5.98 eV (one 3p-electron) and 24.8 eV (two 3s-electrons) while for the O: 13.6 eV (four 2p-electrons) and 28.5 eV (two 2s-electrons). This plasma model predicts strong dependence of the period on the electron density, which, however, is not confirmed experimentally.
Ripples on Si
Surface structuring of Si by ripples can be used for applications in sensor and solar cells where surface roughening can boost optical absorption. Ripples can be formed right on the surface by the used 800 nm irradiation due to strong absorption. For this reason Si can be compared with a metal and only surface ripples are formed. Hence, the theory by Sipe et al, can explain the experimental observations (Fig. 8) . The effect of pilar-like formations in the case of circularly polarized light is observed. Ripples on Si were studies with lasers of very different durations and wavelengths. In the case of long laser pulses, melting of the surface might take place. We tested numerically the effect of illumination of molten Si (Fig. 9) . One can see, that the efficacy is smeared, which would correspond to a smaller efficiency of ripples' formation. The efficacy plot would predict formation of λ/n ripples in the direction rotated by π/2 from the normal ripples (hence, the anomalous ripples). The panel (b) shows the qualitative distribution of the maximum efficacy which is expected to drive formation of pattern of similar periodicity.
Overview and comparison of reported experimental results
Number of recently published data on the fine ripple structures are investigated and compared with our experimental observations. The published data are shown in the Table shown in the supplement 7. The ripple periods Λ r are plotted with respect to the laser wavelength λ and wavelength divided by the real part of the material's refractive index λ/n (Fig. 10) . Data was linearly fitted using an equation y = Bx. Average values of parameter Rp, defined as Rp = λ/Λ r , are equal to 4.3 and 1.8 × n, respectively. First graph in Fig. 10(a) shows data according to the surface ripple explanation 8 used for the coarse ripples, where Λ r λ. Evidently it does not explain the experimentally observed parameter Rp, which has an average value of 4.3.
If the refractive index plays a part in ripple formation (relevant when light penetration into the pre-surface regions is considered (see, Fig. 4) ) as proposed in ref. 8 and should be applicable for the materials with low refractive index, one should consider scaling according to Λ r ∝ λ/n. Such presentation (Fig. 10(b) ) shows data spread along the linear fit with the average coefficient of Rp = 1.8 × n.
Since SHG does not play major role in ripple formation as showed in section 5.3 we propose that fine ripple period is determined by light propagation through nanoplasma planes (Fig. 5) pinning to smallest possible resonator cavity inside the material since high energy concentration reaches subsurface (Fig. 4) while focusing at the surface. The broad data scattering (Fig. 10) can be caused by the difference in angles of incidence, especially at strong ablation and removal of material.
CONCLUSIONS
Comparative study of the different mechanisms of ripples formation on the surface and in the bulk was cross checked with the available reported results and our own experimental data. We propose a combined model of ripple formation for dielectrics and semiconductors when light intensity just below the surface is close to the breakdown conditions. The model considers ripples formed as a result of dielectric breakdown (not a solid state plasma with electron densities below the plasma density). The relation of the Rp-factor in the experimentally observed ripples Λ r = λ/Rp is typically Rp 3 − 5 in the case of ultra-short laser pulses. The ripple period is close to the values of (λ/n)/2 where the λ/n is the wavelength in the material. We propose that fine ripple period has direct connection to the smallest resonator cavity inside the material. We show that surface SHG do not account for ripple periodicity by comparison of ablation of Al 2 O 3 and TiO 2 . The ripples observed on Si surface can only be explained by formation on the solid-state surface not a melt.
SUPPLEMENT
Literature data on ripples formed by femtosecond laser pulses, which is used for analysis is plotted in Fig. 10 . Figure 11 . Ripple periods on different materials recorded by fs-laser irradiation at different wavelengths. Bold values with * sign correspond to our experimental results, blue numbers with + sign refers to samples fabricated in water. Refractive indexes taken from http://refractiveindex.info/ database.
